We investigate the scalar and pseudoscalar spectrum of the SU(2) gauge theory with N f = 2 flavours of fermions in the fundamental representation using non perturbative lattice simulations.
I. INTRODUCTION
Models of composite dynamics are often employed to extend the Standard Model (SM) in order to replace the Higgs sector, to describe dark matter or both. While most of the phenomenological analyses of composite dynamics such as the ones for the composite Higgs are carried out by means of the effective Lagrangian approach, here we determine long sought spectral quantities from the most minimal ultraviolet template theory [1] .
Depending on how the model is embedded into the SM, it interpolates between a technicolor model [2, 3] and composite Goldstone boson Higgs [4, 5] one. The model can be further extended [6] , without introducing elementary scalars, to generate four-fermion interactions able to give mass to the top quark. Partial compositeness [7] is yet another way to generate masses for SM fermions. Large anomalous dimensions of the composite technibaryons (if stemming from purely fermionic fields) are invoked. These are, however, hard to achieve [8] . One also needs further model building to connect composite baryons to SM fermions. Following reference [9] one can bypass these hurdles by introducing besides technifermions also techniscalars. If one insists on more involved constructions, to generate SM fermion masses, featuring only technifermions then the techniscalars can be viewed as intermediate composite states. The theory template investigated here is again integral part of a key model investigated in [9] .
The physical Higgs boson is furthermore a mixture of one Goldstone boson and of the lightest scalar excitation, analogue to the σ meson in QCD, of the underlying strongly coupled theory. With the currently available constraints, such a model is compatible with experiments [10] .
We will now use numerical simulations of lattice gauge theories to study the nonperturbative dynamics of such strongly interacting models and provide first-principles predictions on the spectrum and low energy constants of the theory. The main goal of the present work is to determine, using lattice calculations, bounds on the lightest (pseudo) scalar excitations of the SU(2) gauge theory with N f = 2 flavors of Dirac fermions in the fundamental representation, in isolation from the SM.
Computing the lightest scalar state is notoriously difficult because of the large disconnected contributions to the relevant two point functions, which are extremely challenging to estimate accurately, and because such a state is expected to be a broad resonance decaying into two Goldstone bosons in the chiral limit.
It is worth noticing that the properties of the scalar resonance of the strong theory in isolation are not preserved in the full Beyond SM model, due to the many corrections from interactions with the SM gauge bosons and heavy fermions. The mass of the scalar resonance can, for example, become lighter due to the SM interactions [11] and consequently narrower for kinematical reasons.
The scalar sector of strongly interacting theories have been studied in others gauge theories [12] [13] [14] , but our preliminary results constitute a primer for the important theory investigated here. We also provide results on the mass of the pseudoscalar singlet state, the η ′ meson, which is not a Goldstone boson due to the axial anomaly. Such a state, once coupled to the SM fields, decays into two photons [15, 16] allowing it to be tested at colliders [16] .
The theory we consider has previously been studied on the lattice and, in particular, it has been shown that the expected pattern of spontaneous chiral symmetry breaking is realized [17] . An estimate of the masses of the vector and axial-vector mesons in unit of the pseudoscalar meson decay constant have been obtained in [18] . The scattering properties of the Goldstone bosons of the theory have also been considered [19] , and the model has also been investigated in the context of possible DM candidates [20] [21] [22] [23] .
The paper is organized as follows. We describe in section II the techniques used in this work for the extraction of the scalar and pseudoscalar mass spectrum and present in section III our numerical results. We finally conclude in section IV.
II. LATTICE TECHNIQUES
We simulate the SU(2) gauge theory with two Dirac fermions in the fundamental representation discretized using the Wilson action for two mass-degenerate fermions u, d and the Wilson plaquette action for the gauge fields. The numerical simulations have been performed using an improved version of the HiRep code first described in Ref. [24] .
We use the scale setting and the determination of renormalization constant obtained in [25] . For convenience, we summarize the subset of ensembles used in this work in fermionic interpolating field operators.
A. Two-point functions
We define the following interpolating operators:
where Γ denotes any product of Dirac matrices.
We extract the meson masses from zero-momentum two-point correlation functions:
Denoting the quark propagator S(x, y), the Wick contractions read
for the iso-vector channel and
for the iso-scalar channel. Note that the overall sign has been chosen such that C (t 0 )
For convenience, we also define the so-called disconnected contribution as:
Next we define the vacuum subtracted disconnected contribution as:
and the time source averaged disconnected contribution as:
The full correlator is defined as:
Finally we introduce one last function:
where A Γ,− and m Γ,− are obtained by fitting the connected correlator on a given range. This "optimized" connected part of the correlator, can be used to build an improved estimator of the full correlator. This can be help to remove excited states contributions if only the connected contribution receives a significant contribution from excited states. This idea has been introduced in [26] , and applied in the context of η/η ′ mass determination in [27] [28] [29] .
We use Z 2 × Z 2 single time slice stochastic sources [30] to estimate the connected part of meson 2-point correlators. We describe in section II C how the disconnected contribution is estimated.
B. Effective masses
We define an effective mass m (Γ,±) eff (t) as in [31, 32] by the solution of the implicit equation:
where T is lattice temporal extent. At large euclidean time t, m < m (+) and T large enough, it is clear from Eq. (5) that − log C
and therefore
In the following we will be interested in the case Γ = 1 and Γ = γ 5 . We will denote
C. Estimate of disconnected contributions
By introducing a set of stochastic volume sources ξ(x) i=1,...,N hits and defining
As N hits → ∞, we have:
We can then build an unbiased estimator of C
(t) as follows:
from which it is straightforward to obtain an unbiased estimator of C
The number N hits of random sources, or "hits", necessary to reduce stochastic noise at the same level or below the gauge average noise depends on the volume, the fermion mass, the lattice spacing and of the number of configuration used. In practice we find that N hits = 64 works well for all our ensembles.
III. RESULTS

A. Effective masses
We illustrate in Figs. 1 In the scalar channel, we observe that the signal is significantly better for the coarser lattice (β = 2.0) and that the signal over noise ratio improves when m PS is decreased. Note that in the scalar channel we disregarded the m 0 = −0.76 ensemble because the signal is too short with our current statistic.
In the case of the η ′ meson, we find that at our lighter quark masses the signal clearly depart from the value of the pseudo-Goldstone boson mass m PS . 
B. Chiral and continuum extrapolation
In this section we present the chiral and continuum extrapolation of the σ, η ′ and a 0 meson masses. All the masses are expressed in units of the scale w χ 0 , as determined in [25] , and expressed as functions of (w χ 0 m PS ) 2 .
The chiral and continuum extrapolation are carried out by using the same strategy as in [25] . For each quantity we perform a global fit, including all the available data, to the following fit ansätz:
The results of the fits for the σ, η ′ and a 0 mesons are shown in Figs. 5, 6 and 7 respectively and reported in Table II . In the plots, the gray band indicate the 1σ confidence region for the continuum prediction, obtained by setting a = 0 with our best fit parameters. To
give an idea of the fit quality we also plot the best fit curves at finite lattice spacing using the same color code as for the data points. The upper limit of the fitting range for each channel is shown by the vertical dashed-dotted line in the plots. In the scalar channels, we draw the threshold of the decay into Goldstone bosons by a blue dashed line. In the case of the σ meson we thus show that all our results lie below the two Goldstone boson mass threshold.
In the case of the a 0 , we have checked that finite volume effects are not significant on three different volumes (L/a = 16, 24, 32) at β = 2.2 and m 0 = −0.75. Since the estimate of the mass of the a 0 does not require the estimate of any disconnected loops contribution, we are able to obtain a signal on all data sets and thus include four lattice spacings in the extrapolation. However in the case, we observe that some of our data points lie above the 3 Goldstone boson mass threshold. For this reason, we also consider a fit which excludes the data points above threshold, which is shown in Fig. 8 .
For the σ and η ′ channels we also considered constrained fits with fixed B = 0 in Eq. (15) . The corresponding results are also reported in Table II and are compatible with the results obtained assuming B 0.
We observe that, within our statistical errors, only the a 0 suffers from significant discretization errors.
We take as our final estimates for the scalar meson masses, the results of the fit excluding data above threshold for the a 0 channel and the fits of Table II for the σ and η ′ . We find 
IV. CONCLUSION
We have presented a determination of the spectrum of the low lying scalar mesons (iso-triplet and iso-singlet) as well as of the η ′ for the SU(2) gauge theory with N f = 2 fundamental Dirac fermions.
The results are obtained via numerical lattice simulations by using fermionic interpolating operators for the extraction of mass spectrum and include contributions from the disconnected diagrams. As expected, the results for the σ and η ′ channels receive large contribution from the disconnected part, have an exponentially decreasing signal over noise ratio at large euclidean separations and we observe short plateaux. Our calculation clearly shows that the σ and a 0 are stable for most of our ensembles, which provides an a posteriori justification of method used to extract the masses of these states in our current setup. At lower quark mass, it will become necessary to consider the two pion scattering process.
While we observe large discretization effects by using four lattice spacings for the a 0 , we do not observe any significant cut off effects for the σ and η ′ with two lattice spacings.
Note that in the range of quark masses explored by our simulations the measured m σ and m η ′ are stable resonances and in most cases this is also the case for the a 0 . Assuming that the behaviour of their mass as a function of the m PS is not significantly modified below their respective thresholds, we predict the mass of these states by a polynomial extrapolation to the chiral limit.
We find w For illustrative purposes, we compare in Fig. 9 , the low-lying spectrum for SU(3) and SU(2) gauge theories with two fundamental flavors in unit of F PS . Within our current accuracy, we find that the spectrum is significantly different. More numerical simulations are required to better control all systematics and to improve the precision of our findings.
